Abstract The Aswan reservoir seismicity is accepted as an example of reservoirinduced seismicity with the M 5.4 event of 1981, which occurred 15 years after the reservoir impoundment started. During the 1982-2001 period, the Aswan seismicity separates into shallow and deep seismic zones, between 0 and 15 and 15 and 30 km, respectively. These two seismic zones behave differently over time, as indicated by the seismicity rate, depth migration, b-value, and spatial clustering. For the deep events, the rate decreases with time, the depth remains at a constant or increasing depth, and the b-value is lower than for the shallow events, which migrate toward the surface with a close to constant seismicity rate. Of all the previous parameters, only the seismicity rate correlates with seasonal variations of the lake level. This is positive evidence for the Aswan reservoir seismicity to be reservoir triggered in the 1982-2001 period. Clustering over time and space expresses that numerous aftershock sequences are activated, that is, a minimum of 35% of the seismicity, similarly to tectonic seismicity. The observed decrease of the b-value with depth is also a property suggested for natural events. Our results suggest that the Aswan seismicity emerges both from the water-level loading and the interplay between induced earthquakes themselves through numerous standard aftershock sequences. This latter process induces stochastic fluctuations in the seismicity patterns that inhibit a recovery of a simple seismic response to water-level changes. Even though aftershock sequences dominate the temporal fluctuations of seismicity, this does not negate the importance of influence of the reservoir in sustaining this unusual long-lasting seismic episode. During the 1982-2001 period, the Aswan seismicity appears as a powerlaw relaxation response to the 1981 M 5.4 shock, this response being decorated by long-term (larger than 100 days) water-level changes.
Introduction
Egypt is one of the few countries in the world where earthquake activity has been documented during the past 4200 years (e.g., in 1210 and 600 B.C. and A.D. 778, 967, 1303, 1874, and 1899) , with earthquakes destroying parts of big cities, such as Cairo and Alexandria (Ambraseys et al., 1994) . The event of 12 October 1992 (Cairo, M 5.3) is an example of a moderate-magnitude but damaging earthquake that has occurred recently in Egypt.
Recent seismic hazard assessment in Egypt was done by El-Sayed et al. (2001) , using the spatial distribution of recorded earthquakes (Fig. 1a) to identify the major seismic zones and seismogenic zones with common focal mechanisms (Fig 1b) . Because of the M 5.4 event, 14 November 1981, which occurred below the reservoir at a 60 km dis- tance from the High Dam, the Aswan area was identified as a major seismogenic zone (El-Sayed et al., 2001) . In the present article, we analyze 20 years of seismicity in the Aswan area and its relationship to the loading induced by reservoir water-level changes.
Geological and Tectonic Settings
Egypt is located in the northeastern part of Africa. The Arabo-Nubian massif is bisected by the Red Sea rift and its continuation (as continental rifts) of Suez and Aqaba. The basement occupies 10% of the surface of Egypt. Recent structures (Fig. 2a) represent the most active regions of the Precambrian shield outcropping in their greatest extent in Ethiopia, Sudan, the eastern part of Egypt, and Sinai (Said, 1962) .
The Precambrian basement is unconformably overlaid with the Nubian formation and sediments ranging in age [2001] ). 1, Gulf of Aqaba-Levant; 2, Northern Red Sea-Gulf of Suez; 3, Suez-CairoAlexandria; 4, Eastern Mediterranean-Cairo-Fayourn; 5, Mediterranean costal; 6, Cyprus; 7, Crete; 8, Gill el-keber; 9, Aswan; 10, Qena zone.
from Late Cretaceous to Eocene (Fig. 2b) . Overlying the Nubian formation in some places are the Kurkur and Gurra formations. The Quaternary is represented by calcite and Nile deposits (Issawi, 1978 (Issawi, , 1982 . Geomorphologically, the area is flat with relief varying from 150 to 350 m. The topography is complicated by structural faults and also by the presence of several alkali granites and a syenite ring complex. Tectonic features dominated by east-west and northsouth fault systems, as well as a regional uplift, characterize the northern part of Lake Aswan (El-Shazly, 1977) . Data on these features indicate that right-lateral strike-slip movement is the dominant mechanism along the Kalabsha fault zone. Igneous and metamorphic intrusions are distributed in several localities on the western side of the lake and constitute the main geological formation of the eastern side. Information from the boreholes indicates that the average thickness of the Nubian formation and whole sedimentary column is approximately 500 m (Fig. 2c) .
Induced Earthquakes
Reservoir-induced seismicity (RIS) is the triggering of earthquakes by the physical processes that accompany the impoundment of large reservoirs. Gupta (1992) listed 33 cases of RIS that triggered M Ͼ4 earthquakes. Roeloffs (1988) and Simpson et al. (1988) have suggested how some reservoirs can induce earthquakes immediately upon filling due to elastic stress changes and after a delay as a result of pore pressure and fluid diffusion. The filling of large reservoirs modifies the tectonic stress regime, either by increasing the vertical stress through the effect of loading or by increasing the pore pressure, which results in a decrease of the effective normal stress. The net effect on existing fault zones is to increase or decrease stresses depending on the orientation and the geometry of the reservoir and the fault system (Snow, 1972; Gupta and Rastogi, 1976; Bell and Nur, 1978; Roeloffs, 1988) . The mechanics of RIS involve a complex interaction between shear stress, normal stress, and pore pressure. In the case of strike-slip faulting of the Aswan area ( Fig. 1) , water loading and pore pressure tend to decrease fault stability, increasing the seismic activity on these faults (e.g., Roeloffs, 1988) . Kebeasy et al. (1982) suggested that the Aswan reservoir seismicity is reservoir triggered. The major event up to now in the Aswan area is the M 5.4 14 November 1981 earthquake (Fig. 3) . This event was preceded by events on 9 November (M 3.6 and 4.2) and one event on 11 November (M 4.5). It was followed by an extended sequence of aftershocks (e.g., Simpson et al., 1990) . Using the recordings from regional stations, the Aswan mainshock was located at a depth of 18-20 km (e.g., Simpson et al., 1990) . The Aswan reservoir is shallow by world standards, with a maximum depth of 70 m being confined to the narrow channel of the Nile River. The water level in the embayment where the earthquakes have occurred is less than 10 m. Simpson et al. (1990) suggested that the flooding of the porous Nubian sandstone beneath the embayment (Fig. 2 ) created an effective load whose impact greatly exceeded that of the reservoir itself. The mainshock location, the linear trends of aftershock location, and the focal mechanisms all argue for the seismicity to be related to the Kalabsha fault, an ancient right-lateral strike-slip structure that extends west from the Nile channel (Figs. 3, 4, 5 Issawi [1969 Issawi [ , 1978 Lake (adapted from Kebeasy and Tealeb [1997] ).
reservoir level. Simpson et al. (1988) identified the 1981 sequence that occurred in the Aswan reservoir area 15 years after the impoundment started as delayed reservoir-triggered seismicity. This long-lasting seismic episode, which has been active since 1982, was still active in 2001.
The Aswan Seismic Catalog
The historical activity in Aswan starts 2600 years ago, when earthquake damage was reported in 600 B.C. and A.D. 967 and 1899 in Luxor, 200 km north of Aswan. It is worth mentioning that an earthquake damaged the temple at Abu Simbel, 230 km south of Aswan, in 1210 B.C. (Maamoun et al., 1984) . Before 1981, information on seismicity in the Aswan region was limited by the lack of local seismographs. The first short-period seismographs installed in Aswan were the SMK Soviet instruments, in 1975 . Although the operation of the stations was irregular prior to 1981, M Ͼ2.5 events were recorded, 13 events taking place during the August 1980-August 1981 period (Simpson et al., 1990; Kebeasy and Gharib, 1991) . This was confirmed by Gibowicz et al. (1982) , who reported that a few small shocks (M Ͻ3) were detected in the southwest part of Lake Aswan in January 1981 during a reconnaissance survey. After flooding of the eastern segment of the Kalabsha fault in the 1978-1981 period, the seismicity that is still going on began in this zone (Figs. 3, 5) . A telemetry network (Aswan Seismograph Network [ASN]) was established around this northern part of Aswan Lake in July 1982. Each field station is equipped with a single-component vertical seismometer (mod. S13), an amplifier/VCO, radio telemetry, and a solar battery. Since 1989, the ASN has consisted of 13 field stations. The seismic data are recorded at the Aswan Regional Seismological Center, southwest of Aswan City (Fig. 4) . The data listed in the Aswan catalog have been recorded by at least four stations. Using the Hypo71 code (Lee, 1990) , estimates of location errors are on the order of a few kilometers. The earthquake catalog of the ASN (1982 ASN ( -2001 contains about 4500 events (1.0 Ͻ M l Ͻ 5.4). The seismicity is concentrated along the easternmost section of Kalabsha fault, particularly at the intersection between the north-south and east-west fault systems (Fig. 5) . The easternmost segment of the Kalabsha fault is located beneath a large area covered by water and extends over more than 150 km. It consists of several segments forming a conjugate fault pattern. The seismicity is concentrated in main cluster zones. The K1 cluster, located on the Kalabsha fault, is the only deep cluster with depths greater than 15 km. The seismicity of the other zones is characterized by shallow depths (Ͻ15 km), and it is localized on the north-south fault system intersecting the Kalabsha fault (Simpson et al., 1990; Kebeasy and Gharib, 1991) .
Because our objective is to analyze the seismicity pattern over time, we must determine for which magnitude range the Aswan catalog is complete. This is usually performed by examining the magnitude-frequency distribution of earthquakes. The Gutenberg-Richter (1956) relationship of the frequency-magnitude distribution is defined as logN ‫ס‬ a ‫מ‬ bM, where N is the cumulative number of earthquakes and a and b are constants. In Figure 6d , and using the evolution of b-values with magnitude and time, the magnitude completeness is in the 2.2-2.8 range. In order to have a trade-off between a minimum of data for a statistical analysis and catalog completeness, we use two threshold values. For space and time analysis we use the M Ն 2.2, and for analysis in the energy domain we bound our data to M Ն2.8.
Water Level and Seismicity Rate in the Aswan
Reservoir Area
Several studies have shown similarities between the temporal distribution of seismicity and reservoir level following the construction of the High Dam (e.g., Simpson et al., 1990; Gharib, 1991, Awad and Mizoue, 1995) . They concluded that the increase in seismic activity was linked to water-level variation. When the water recovered away from zone K1 (Fig. 5) , seismicity decreased. When comparing water level and seismicity in the 1982-2001 period (Fig. 7) , the correlation between level fluctuations and seismicity is difficult to assess. As an example, the gradual decrease of the seismicity rate in the 1982-1988 period could be correlated to the simultaneous decrease of the water level. However, such a decrease of seismicity over time after an M 5.4 event is the generic aftershock sequence for most natural earthquakes (Omori, 1894) . Analysis of seismicity rate in the 1982-1990 period by Mahmoud et al. (1998) confirms the exponent value of the Omori law close to unity, that is, a standard value for tectonic earthquakes (Utsu et al., 1995) . Accordingly, the observed decrease of the seismicity rate in the 1982-1988 period below Aswan reservoir can be expected as from a natural seismicity pattern, without any requirement for water-level decrease.
In order to characterize the link between water level and seismicity rate, we study the annual correlation between water-level variations and seismicity. The water level is characterized by an annual cycle with a high in NovemberDecember and a low in July-August. The correlation is carried out for all events, shallow events, and deeper earthquakes ( Fig. 8 ) and for magnitudes greater than 2.2. The Aswan seismicity is separated into shallow and deep seismic zones (Fig. 5) . Shallow events have focal depths between 0.1 and 15 km; deep events extend from 15 to 30 km. In Figure 8 we observed a phase shift between the two time series, that is, a time delay between water level, the hypothesized cause, and earthquakes. The time delays are 2 and 4 months for shallow and deep seismicity, respectively. In the frequency domain, well-resolved peaks of water level and seismicity are shown at 1 yr ‫1מ‬ (Fig. 9) . The strongest seismicity peak is obtained for the deepest events in the earliest period. This peak value weakens for the deep and shallow events in the 1989-2001 period (Fig. 10) . The analysis presented here only deals with long-term harmonic changes in water depth, that is, three cycles per year, 100 days or longer, in Figures 9-10 . We cannot detect the influence of the water level on a shorter timescale. Simpson and Negmatullaev (1981) and Simpson et al. (1990) suggested that abrupt changes in water level as short as days can influence the seismicity rate and can provide an additional indicator of the link between water level and seismicity at Nurek and Aswan reservoirs.
Evolution of the Seismicity Patterns during the Period 1982-2001
To evaluate the seismicity patterns, we used statistical techniques, such as average spatial behavior, fractal spatial clustering, and b-value change over time. The major trend of hypocenter locations over time is the change of average depth (Figs. 11-12) . A robust decrease in average depths is resolved for all events during the 1982-2001 period, with a slower decrease rate in the 1986-1994 period. In this latter period, the average depth for deep events increases at the same rate the shallow-event depth decreases. Accordingly, the observed migration of hypocenters toward shallow depth is driven by shallow events. In Figure 12 , the cumulative event rate suggests a roughly constant seismicity rate of shallow events, whereas the deep events decrease through time as a relaxation law typical of aftershocks, as suggested by Simpson et al. (1990) . To analyze the evolution in spatial clustering, we tentatively used the correlation integral method (Grassberger and Procaccia, 1983) . Large fluctuations in the exponent of the correlation function values prevent extracting any robust pattern on the whole period (Mekkawi et al., 2002) . In the energy domain, in the range 2.8 Ϲ M Ͻ 4.8, the Gutenberg-Richter distribution is recovered for the Aswan seismicity. (Fig. 13) .
Discussion
Because the Aswan seismicity source is located directly beneath the second-largest man-made reservoir in the world, several authors have suggested that this seismicity is induced by the reservoir impoundment Simpson, 1986) . In order to test the influence of water-level change on the long-term seismicity pattern, we analyze the statistical property of Aswan seismicity on the 1982-2001 period. First, the seismicity response over time is depth dependent. The Aswan seismicity has been previously proposed to be localized in two spatial swarms, respectively between shallow (Ͻ15 km) and deep (Ͼ15 km) events (Simpson et al., 1990 ). This pattern is still relevant for describing the seismicity pattern of the 1982-2001 period (Figs. 5b,c, 8b,c, and 12c,d ). The shallow events migrate toward the surface, whereas the deep events die out. Second, the seismicity rate is correlated with the long-term harmonic changes in water level, that is, 6-12 months, but the fluctuations in seismicity in space and in energy domains do not appear to be primarily driven by the water level.
We further discuss how such patterns can be unified in terms of the relative influence on the seismicity of the external loading of the system, that is, water-level change, and the genuine fluctuations in seismicity rate due to aftershock patterns. We do not address the question of whether the M 5.4 1981 event, which is the onset of our catalog, was induced by the reservoir impoundment.
The depth evolution over time argues for the seismicity of Aswan to be due to a transient dynamics, not yet in equilibrium after 20 years of seismicity. The strong epicenter localization on the northern part of the lake (Fig. 5) , with its small (if any) horizontal migration over 20 years (Fig. 11) , attests for just one specific patch of the Kalabasha fault to have been close to failure in the Aswan area before the reservoir impoundment. The global upward migration of seismicity is driven by the shallow shallow seismicity pattern. trano, 2003) and reported for genuine earthquakes (e.g., Mori and Abercombie, 1997; Gerstenberger et al., 2001 , Sue et al., 2002 . Another alternative is that the b-value variations are the result of shallow earthquakes moving toward the surface: the closer an event to the Earth's surface, the less the probability that a large earthquake would occur at such a depth; hence the seismicity near the surface is depleted of large shocks. Therefore, if the earthquake size distribution is approximated by a pure Gutenberg-Richter law, the result should increase the b parameter (e.g., Kagan, 2002) . Because a weak rolloff is observed for large magnitude for shallow events in the Aswan catalog (Fig. 6 ), this latter finite size effect cannot be rejected as one of the possible processes that contribute to the observed change in b-value with depth. Whatever is the process that drives the b-value change with depth, it is difficult to extract the influence, if any, of the water-level changes on the b-values that appear just to be driven by seismicity depth. The seismicity rate is the only seismicity index that correlates with the water-level loading, for example, the annual peak on the 1982-2001 period (Fig. 9 ). This effect is the strongest for the deep events in the 1982-1988 period (Fig.  10c) . During this period, the global Aswan seismicity follows the Omori law decrease over time with an exponent close to unity (Mahmoud et al., 1998) . This argues for the Aswan seismicity rate to not be solely driven by the water level, but rather that cascades of earthquake interactions play a role in triggering seismicity. The seismicity fluctuations in space or energy as described by the b-value changes and hypocenter location through time cannot simply be related to water-level changes. They appear as genuine fluctuations, typical of natural earthquakes. These results are different from another induced seismicity case study where pore pressure drop in a gas field has been observed as correlated with b-and D-value changes (Lahaie and Grasso, 1999) .
Interplay between Earthquakes Directly Driven by Water-Level Changes and Their Aftershocks
We propose that the dynamics of earthquake interactions, as measured by numerous genuine aftershock sequences in the Aswan catalog (Fig. 14) , reproduces most of the observed fluctuation of the Aswan seismicity catalog, as expected by a generic cascade model of earthquake interactions (e.g., Kagan and Knopoff, 1981; Ogata, 1998; Helmstetter and Sornette, 2003a,b) . Apart from the waterlevel loading, the main input of energy in the system was the M 5.4 earthquake of November 1981, which triggered a genuine aftershock sequence. This sequence developed at least up to 1990, as estimated by a p-value of the Omori law close to unity (Mahmoud et al., 1998) . Following Kagan (2003) in using the strongest constrain for catalog completeness, that is, M Ն 2.8, the Omori law is still relevant to fit the Aswan seismicity during the 1982-2001 period with a p-value close to 0.95 ‫ע‬ 0.04 (Fig. 15) . This relaxation pattern also describes the M Ն 2.8 deep and shallow seismicity rate with p-values of 1.20 ‫ע‬ 0.04 and 0.60 ‫ע‬ 0.04, respec- shocks that occur after M Ն3 events. We choose events in the 1988-1995 period where the direct aftershock rate of M 5.4 is low. The aftershock pattern highlighs that aftershock activity exists for all event sizes. These aftershocks correspond to events that cluster within 2 yr in a 5-km radius. An event is a mainshock when no larger shock occurred in a 20-km radius during the previous 6 months.
tively (Fig. 15 ). This decreasing rate with an exponent value close to unity for the global Aswan seismicity is reminiscent of regular aftershock patterns as observed after a tectonic mainshock (see Utsu et al. [1995] for a review). Cascade models of seismicity predict a vanishing seismicity rate on finite time, if no external loading is added to the system (e.g., Kagan and Knopoff, 1981; Ogata, 1998; Helmstetter and Sornette, 2003a,b) . We propose that the deep seismicity vanished as time increased since it was not sustained enough by the water-level change. The shallow seismicity, which is still active until 2001, appears to be sustained by a more efficient water loading at shallow depths than deeper. The p-value for shallow seismicity is an anomalously small value by tectonic standards (Utsu et al., 1995) . We proposed that more earthquakes are reservoir triggered at shallow depths, as driven by water-level changes. These earthquakes in turn induce aftershocks that also contribute to increasing the shallow seismicity rate relative to the deep-event rate. For shallow earthquakes in the 1989-2001 period, we propose that the weak correlation with the seasonal water level (Fig. 10) emerges from a noise induced by the cascades of earthquake sequences (Fig. 14) . These sequences have their own dynamics that is driven by the generic control parameter of seismicity, that is, primarily the exponent of the GutenbergRichter and the Omori law. Using the declustering techniques of Reasenberg (1985) on the M Ն 2.8 catalog, we estimate the rate of aftershocks to be 35% of the seismicity in the 1982-2001 period. Because the Aswan seismicity fol- lows the Omori law in the 1982-2001 period within the accuracy of the p-value exponent, close to 80% of the seismicity can as well be defined as aftershocks. It provides evidence for the aftershock rate for the Aswan seismicity to be in the range 35%-80%. Accordingly, we propose there are two types of earthquakes in Aswan seismicity. First, the water-level changes work as an external loading that directly triggers primary earthquakes. Second, each of these events triggers a secondary class of events that are aftershocks of these direct events or aftershocks of aftershocks. This secondary class of events is not directly related to the waterlevel changes, thus inducing stochastic fluctuations in the seismicity pattern that inhibits the recovery of the expected simple and strong response of the seismicity pattern to waterlevel loading. During the 1982-2001 period and using M Ն 2.8 earthquakes, the 1982-2001 Aswan seismicity appears as a power-law relaxation response to the 1981 M 5.4 shock (Fig. 15) , this response being decorated by long-term (larger than 100 days) water-level changes. The earthquake catalog completeness prevents us from further analyzing possible short-term effects, which require more data to be resolved. The next step of this work is to test the cascade model for earthquakes on the Aswan catalog as a null hypothesis (e.g., Helmstetter et al., 2003) in order to quantitatively estimate the relative role of earthquake interaction and water-level change in the processes that drive the long-lasting seismic episode below the Aswan reservoir.
Conclusion
The correlation between seismicity rate and water-level variations in Aswan Lake suggests that the earthquake activity in this area is influenced by the long-term, 6-12 month, harmonic change in reservoir levels. This external drive seems relatively stronger for the deep events (15-30 km) in the 1982-1988 period than for the shallow events. It that sense, Aswan seismicity appears as a genuine case of induced seismicity.
The upward migration of seismicity all over the 1982-2000 period, which is mainly controlled by the shift of shallow-event depths, illuminates the interplay between both normal earthquake interactions (e.g., aftershocks) and the influence of reservoir loading. We suggest there are two classes of earthquakes in Aswan seismicity. One class is directly driven by the water-level changes. The second class, a minimum of 35% of the seismicity, is triggered by the former as aftershocks. Within such a cascade model framework, the upward migration of seismicity rate reflects the water-level change to be more efficient in triggering shallow events than deep ones. It results in enhancing the shallow seismicity rate through time as preferentially sustained by the water-level change. Because of the stochastic fluctuations in seismicity rate induced by aftershock occurrences, the Aswan reservoir seismicity only correlates to the 6-to 12-month long-term harmonics of the water-level change on the 1982-2001 period. We do not extract any influence of water-level changes on the b-value patterns of Aswan seismicity. We suggest that the interplay between earthquake interactions and water-level loading leads to the observed complexity of Aswan seismicity patterns. On a global scale, the 1982-2001 Aswan seismicity appears as a standard decay law of aftershock activity, the major misfit with tectonic sequences being the small 0.6 p-value for the shallow seismicity.
